Background: Panax ginseng has been used in traditional medicine to strengthen the body and mental well-being of humans for thousands of years. Many elite ginseng cultivars have been developed, and ginseng cultivation has become well established during the last century. However, heat stress poses an important threat to the growth and sustainable production of ginseng. Efforts have been made to study the effects of high temperature on ginseng physiology, but knowledge of the molecular responses to heat stress is still limited. Methods: We sequenced the transcriptomes (RNA-Seq) of two ginseng cultivars, Chunpoong (CP) and Yunpoong (YP), which are sensitive and resistant to heat stress, respectively, after 1-and 3-week heat treatments. Differential gene expression and gene ontology enrichment along with profiled chlorophyll contents were performed. Results: CP is more sensitive to heat stress than YP and exhibited a lower chlorophyll content than YP. Moreover, heat stress reduced the chlorophyll content more rapidly in CP than in YP. A total of 329 heatresponsive genes were identified. Intriguingly, genes encoding chlorophyll a/bebinding proteins, WRKY transcription factors, and fatty acid desaturase were predominantly responsive during heat stress and appeared to regulate photosynthesis. In addition, a genome-wide scan of photosynthetic and sugar metabolic genes revealed reduced transcription levels for ribulose 1,5-bisphosphate carboxylase/oxygenase under heat stress, especially in CP, possibly attributable to elevated levels of soluble sugars. Conclusion: Our comprehensive genomic analysis reveals candidate loci/gene targets for breeding and functional studies related to developing high temperatureetolerant ginseng varieties.
Introduction
Plants experience various abiotic and biotic stresses that adversely affect their growth and productivity worldwide [1e4] . High temperature and heat stress are of a particular concern as temperatures are projected to rise by 6.9 C by the end of this century [5] due to global warming [6e8], and temperature increase of 3e4 C is expected to reduce crop productivity by 15e35% [9] . In addition, it is expected that heat stress along with drought stress reduce agricultural production even more than heat or drought stress alone [10] .
The major effects of heat include increased membrane fluidity, protein denaturation, and stimulated production of reactive oxygen species, which cause permanent damage to plant growth and development [4] , notably during their reproductive stage [4] . These effects and the plant's response to them can be reflected by alterations to the transcriptome, proteome, and metabolome, and, ultimately, severe cellular injury [8] . Heat stress upregulates about 5% of the plant transcriptome, including genes encoding molecular chaperones and genes involved in signaling, translation, and metabolism, to mediate heat stress responses in plants [4] . Thus, it is essential to identify quantitative trait loci (QTLs)/genes involved in heat stress responses to develop crops with enhanced heat tolerance and ensure global food security.
Korean ginseng (Panax ginseng Meyer, hereafter referred to as P. ginseng or simply ginseng) is one of the most famous traditional medicinal herbs. Ginseng, which has been used for more than 2000 years in Asia, produces triterpene saponins as principle bioactive secondary metabolites with various pharmacological and physiological benefits to humans [11e13] . P. ginseng is a shade-loving perennial plant that is susceptible to photoinhibition at light intensities exceeding 500 mmol/m 2 s. In addition, leaves of this plant are burned after exposure to 30 C for more than 5 days, and its growth will completely stop. Owing to this sensitivity to heat, P. ginseng plants can be severely damaged in summer and require careful management. Moreover, the increasing temperatures associated with global warming represent an important threat to P. ginseng growth and production. A few physiological and morphological studies [14e16] have been conducted to understand the heat response in P. ginseng, but a comprehensive study that combines genome, transcriptome, and physiological data to understand the heat response in P. ginseng is still needed.
In Korea, the P. ginseng cultivar (cv.) Yunpoong (YP) is known to have slightly higher heat tolerance (light saturation point of 400 mmol/m 2 s) than the heat-sensitive cv. Chunpoong (CP) (light saturation point of 200 mmol/m 2 s) [14e16] . In this study, we analyzed and compared transcriptomes of CP and YP under different heat treatments to understand ginseng heat response mechanisms and identify major genes and biological processes affected by heat stress. This study reports the first transcriptome profile in response to heat stress and provides novel candidate target genes for alleviating adverse effects of heat stress in P. ginseng.
Materials and methods

Plant materials, growth conditions, and heat treatments
Dormant roots with healthy rhizomes of 1-year-old cv. CP and YP plants were obtained from the Korea Ginseng Corporation (Daejeon, Korea). After storage for 1 month at 4 C to break dormancy, the roots were planted in soil and grown for 4 weeks to generate plants with fully expanded leaves under normal growth conditions (24 C, relative humidity 60%, and continuous light of 40 mmol/m 2 s). Samples of these plants were harvested as controls before heat treatment. For heat treatment, the plants were treated at 30 (AE1) C for 1 week and 3 weeks (relative humidity and light conditions were the same as the normal growth conditions). After heat treatment, sample leaves were excised, immediately frozen using liquid nitrogen (LN 2 ), and stored at À70 C before total RNA isolation. Three independent biological replicates were prepared, and each replicate included leaves from three or more plants.
Measurement of chlorophyll content
Chlorophyll content was measured in leaves of more than 20 plants using a chlorophyll meter [soil plant analysis development (SPAD)-502; Minolta, Japan] before and during heat treatment, as described in the study by Lee et al [16] .
Total RNA isolation and RNA-Seq analysis
Total RNA was isolated from leaves using the RNeasy Plant kit (QIAGEN, Germany) and/or Hybrid-R kit (GeneAll, Korea) according to the manufacturer's instructions. After examination of its quality and quantity using a Bioanalyzer (Agilent . For transcriptome analysis, reads containing bacterial contaminants were removed by mapping against the available bacterial genomes using burrowswheeler aligner (BWA) [17] followed by removal of polymerase chain reaction duplicates and ribosomal RNA reads using FastUniq [18] and SortMeRNA [19] , respectively. Finally, stringent quality control and removal of adapter contamination were performed using the NGS QC Toolkit (v2.3.3) [20] .
Differential gene expression analysis
The current version of the ginseng gene set (IPGA_v1.1) was retrieved from the ginseng genome database (http://ginsengdb. snu.ac.kr) [21] . Trimmed, high-quality RNA-Seq reads were mapped to the ginseng gene set to calculate Fragments Per Kilobase per Million (FPKM) using RNA-Seq by Expectation Maximization (RSEM) [22] . The sequencing library differences (due to the use of a different Illumina platform) between replicate RNA-Seq samples were normalized using Trimmed Mean of M values [23] . The bioconductor package edgeR [24] was used to identify differentially expressed (DE) transcripts between heat stress samples (control vs. 1-week vs. 3-week) of CP and YP. Genes exhibiting more than twofold changes with a significant false discovery rate of 0.001 were considered as DE. Gene ontology enrichment analysis was performed on the DE genes using Fisher's exact test with a multiple testing correction false discovery rate limit of 0.05.
Gene family annotation
Protein domains and motifs of genes in P. ginseng were identified using InterProScan [25] (v5.13). Genes involved in sugar metabolism and photosynthesis were identified using the KAAS server [26] . For comparative sugar metabolic gene analysis, gene sets from carrot (http://www.ncbi.nlm.nih.gov/Traces/wgs/wgsviewer.cgi? val¼LNRQ01&search¼LNRQ01000000&display¼contigs), tomato (ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.4_ release/), arabidopsis (ftp://ftp.arabidopsis.org/home/tair/Genes/ TAIR10_genome_release/), grape (http://www.genoscope.cns.fr/ externe/Download/Projets/Projet_ML/data/12X/annotation/), and pepper (ftp://ftp.solgenomics.net/genomes/Capsicum_annuum/C. annuum_cvCM334/annotation/) were used for pathway annotation by KEGG Automatic Annotation Server (KAAS) similar to P. ginseng. The number of genes encoding enzymes in sugar metabolic pathway was manually identified based on KAAS annotation.
Results and discussion
P. ginseng cultivars CP and YP show different responses to heat
During the period of heat treatment, P. ginseng cultivars CP and YP showed different responses in both morphology and physiology. After heat treatment for 3 weeks, leaves of CP started to show damaged regions indicated by leaf burning, whereas YP did not show any visibly damaged regions (Fig. 1A) . The damage in leaf tissues was confirmed by measuring chlorophyll content (SPAD values) (Fig. 1B) . Although the chlorophyll content was different between the two cultivars even under normal growth conditions, the difference increased proportionally to the treatment time. The chlorophyll content was 7% higher in YP than in CP under normal growth conditions. However, the content was 8 and 13% higher in YP after treatment for 1 week and 3 weeks, respectively. This difference indicated that chlorophyll content decreased more slowly in YP than in CP under heat stress, which is in agreement with the results of a previous physiological study of the two cultivars [16] .
Identification of heat-responsive genes in P. ginseng
In total, 59,352 genes were retrieved from the ginseng genome database and used as a reference for DE gene analysis. Transcriptome sequencing of three independent biological samples of both CP and YP yielded a total of 295,025,288 raw RNA-seq reads (Table 1 ). All raw sequencing reads were deposited into the sequencing read archive of NCBI (accession numbers are in Table 1 ). Before DE gene analysis, the raw RNA-Seq reads were processed and yielded 244 million high-quality reads. DE gene analysis was performed for heat-treated samples from CP and YP independently. This analysis resulted in 883 and 448 genes showing differential expression upon 1-and 3-week heat stress in CP and YP, respectively ( Fig. 2A) . Furthermore, a set of 329 genes was found in both CP and YP with a similar response of either upregulation or downregulation (Fig. 3) after heat stress. We considered these genes as heat-responsive genes in ginseng, irrespective of genotypes. In addition, we grouped those DE genes based on their protein domains (Fig. 2B ) and found that genes belonging to the chlorophyll a/bebinding protein (CAB) family primarily respond to heat stress. Photosynthesis is highly vulnerable to high temperature and is inhibited long before other symptoms or cell functions are impaired [1, 27] . CAB genes are key components of photosynthesis, transferring light energy to the reaction centers of photosystem I (PSI) and photosystem II (PSII), where it is converted into chemical energy (i.e., nicotinamide adenine dinucleotide phosphate (NADPH) and adenoside triphosphate (ATP)). Various studies have revealed that PSII is extremely sensitive to heat, which can greatly reduce PSII activity or even stop it [28] . Our results indicate that heat might also influence the photosynthetic process in ginseng by inhibiting the light-harvesting system. WRKY transcription factors (TFs) are one of the largest families of transcriptional regulators and play a crucial role in the defense response against various abiotic stresses [29] . WRKY39 and CaWRKY40 are the best examples of TFs that are triggered by heat in arabidopsis [30] and pepper, respectively [31] . Notably, WRKY TF genes responded strongly to heat in ginseng (Fig. 2B) , suggesting their potential involvement during heat stress.
The accumulation of unsaturated fatty acids can aggravate heat damage [32] , and transgenic tobacco [33] and rice [34] with silenced fatty acid desaturase (FAD) genes and reduced levels of trienoic fatty acid exhibit high temperature tolerance with increased photochemical efficiency of PSII. Similarly, silencing of the LeFAD7 gene in transgenic tomato conferred tolerance to high temperature (45 C) [35] . Given these trends, it is possible that the extreme sensitivity of PSII in ginseng may be due to the effects of high temperature on chloroplast membranes. The amount of polyunsaturated fatty acid is associated with cold tolerance in plants [36, 37] , and a ginseng genome study has implicated an expanded FAD gene family in ginseng's cold adaptation [38] . The major polyunsaturated fatty acids in plant membrane lipids, such as trienoic fatty acids including hexadecatrienoic acid (16:3) and linolenic acid (18:3) , are important for ensuring the maintenance of chloroplasts during plant growth under low temperatures [39] . Using KEGG (Kyoto encyclopedia of genes and genomes) analysis, we found that most of the ginseng FAD genes were associated with trienoic fatty acids, indicating their role in cold acclimation. We also observed that nine genes belonging to the FAD family showed very strong expression after 3-week heat stress. Thus, we hypothesize that silencing the FAD genes associated with trienoic fatty acid accumulation in ginseng might increase their tolerance to heat stress. Members of genes in short-chain dehydrogenase family are involved in cellular homeostasis including regulation of fatty acid or sugar metabolism [40] . We also noticed the differential expression of short-chain dehydrogenase genes upon heat stress in P. ginseng (Fig. 2B) , indicating their plausible role in FAD metabolism. During drought and heat stress conditions, elevated levels of CYP450 and ABC transporter transcripts were identified in arabidopsis [41] . Similarly, we also observed high expression of genes in CYP450 and ABC (ATP-binding cassette) transporter family during heat stress, suggesting their involvement in ginseng heat defense pathways.
We performed gene ontology enrichment analysis with the DE genes to investigate their biological significance. Consistent with the previously obtained results, we found that genes involved in photosynthesis, including those involved in light harvesting, light response, cysteine biosynthesis, and sugar metabolism, were primarily affected in both cultivars of ginseng (Table 2 ). In the P. ginseng genome, CAB, FAD, and WRKY genes are significantly expanded, and such adaptive expansion might enable this plant to acclimate to cold and low light with high photosynthetic quantum efficiency [38] . However, based on our results, these expanded genes might also cause antagonistic effects that lead to photoinhibition [16] and increased sensitivity to heat or light, or to a combination of both stresses. Clearly, more functional studies with these gene targets are needed to test these hypotheses in ginseng.
Comparative expression of genes involved in photosynthesis
Because photosynthesis was markedly influenced by heat stress in ginseng, we compared the expression of genes involved in photosynthesis between CP and YP. A total of 103 photosynthetic genes were identified using ginseng functional gene annotation information. Overall, these genes showed slightly stronger expression in CP than in YP (Fig. 4A) . Notably, we observed that the expressions of electron carrier genes such as those encoding plastocyanin and ferredoxin NADP þ reductase were significantly altered after 1-week and 3-week heat stress in CP. In agreement with the results obtained by Lee et al [16] , this result indicated that high temperature and light might influence ginseng by exceeding its capacity for electron transfer, subsequently shutting down the electron transfer chain in a process of photoinhibition. Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is a key enzyme in CO 2 fixation and determines the photosynthetic rate in response to light intensity. We identified eleven RuBisCO genes and observed notably high expression of six genes encoding the large subunit of RuBisCO which is identical to chloroplast rbcL, suggesting the transfer of chloroplast-encoded rbcL in nuclear genome of ginseng in YP compared with CP under normal as well as heat stress conditions (Fig. 4B ). This result corresponds with the high net photosynthetic rate of YP over CP shown in the study by Lee et al [14] and suggests that photosynthetic rate is coregulated with RuBisCO expression in ginseng.
Analysis of sugar metabolic genes
Sugars can serve as physiological signals that repress or activate plant genes involved in essential biological processes, including photosynthesis [42] . Furthermore, elevated sugar levels cause reduced photosynthesis activity and stunted growth in plants [42] . Intriguingly, elevated levels of soluble sugars have been identified in P. ginseng [43] with significant oscillation. Therefore, we performed a genome-wide scan for key genes encoding enzymes involved in sugar metabolism in ginseng including sucrose-phosphate synthase (EC 2.4.1.14), fructose 1,6-bisphosphatase (EC 3.1.3.11), sucrose-phosphate phosphatase (EC 3.1.3.24), sucrose synthase (EC 2.4.1.13), neutral invertase (EC 3.2.1.26), fructokinase (EC 2.7.1.4), hexokinase (EC 2.7.1.1), and UDP (uridine diphosphate)-glucose pyrophosphorylase (EC 2.7.7.9). When we compared these genes in P. ginseng with those of other plant species, we found increased gene numbers in ginseng compared with model plants and annuals endemic to sunny locales (Table 3) . We also investigated the expression of those key genes and observed slightly higher expression in CP than in YP, indicating that sugar metabolic processes are more active in heat-susceptible CP.
We identified six sucrose transporter genes in ginseng. Intriguingly, two and four of the sucrose transporter genes were upregulated upon 1-and 3-week heat stress, respectively, in CP (Fig. 4C) when compared with YP. In other plant species, elevated sugar concentrations correlated negatively with RuBisCO transcript levels [44] , which coincides with our results: CP showed strong expression of genes involved in sugar metabolism but showed reduced transcript levels of RuBisCO. Therefore, elevated sugar accumulation could also be one of the components leading CP to be more susceptible than YP to heat and light stresses.
Conclusion
Ginseng is an obligate shade species, photosynthetic capability of which is significantly reduced by nonoptimum light intensity and temperature. In this study, we compared the transcriptome between heat injuryetolerant YP and heat-susceptible CP ginseng cultivars. Overall, CP and YP transcriptomes showed slight variation in terms of their gene expression patterns under nonstress conditions. However, our results suggest that ginseng responds to heat stress with an expanded number of CAB, FAD, and WRKY genes. These genes may play a major role in shade and cold adaptation. Conversely, the expansion of these gene families appears to have a significant negative impact on heat and light tolerance, which might lead to an electron overflow in the photosynthetic chain and thereby cause photoinhibition, especially in the heat-susceptible line of CP. This process might also be coregulated with elevated sugars that reduce the demand for ATP and NADPH by inhibiting the transcription level of RuBisCO and decreasing membrane desaturation by FAD. Altogether, this study provides novel and fundamental insight into ginseng heat responses which will be important for generating heat-tolerant ginseng varieties.
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